Interleukin-12 (IL-12) production by human monocytes stimulated with mannoproteins (MPs) of Cryptococcus neoformans was investigated. The results reported show that secreted or cell-associated MPs induce an early and significant production of IL-12. MPs show different capabilities to quantitatively affect IL-12 production; MP2, an 8.2-kDa MP purified from the culture supernatant of C. neoformans, appears to be the most potent stimulator. Cytochalasin B inhibits both internalization and IL-12 induction by MP. In addition, a drastic reduction of IL-12 was observed when monocytes were cultured in the absence of normal human serum or treated with soluble mannan. Early production of IL-12 promotes early secretion of gamma interferon by T cells but does not influence the magnitude of the MP-induced lymphoproliferative response. Overall our results identify cryptococcal antigens responsible for rapid and potent induction of IL-12 in monocytes. MPs appear to regulate IL-12 secretion by internalization via the endocytic pathway and by interaction with monocyte receptors or serum factors.
Cryptococcus neoformans is an opportunistic pathogenic yeast responsible for life-threatening infection in patients with AIDS (12) . The host immune response to C. neoformans infection is the result of a complex interplay between cellular and humoral immunity that often guarantees the control of infection in the immunocompetent host (36) .
Interleukin-12 (IL-12), produced by a variety of cells including antigen-presenting cells, dendritic cells, B cells, and phagocytic cells, favors Th1 cell generation (29) and orchestrates Th1-dependent resistance to infections caused by bacteria, fungi, virus, and intracellular parasites (6, 29, 32) .
IL-12 has been shown to be important for the development of an effective immune response against C. neoformans in mice (14, 42) . Studies of human T cells demonstrated that IL-12 facilitates the generation of a Th1 response with high gamma interferon (IFN-␥) production (21) . In particular, in humans it has been documented that (i) after C. neoformans infection, IL-12 is produced by monocytes primarily in a T-cell-dependent pathway (27) ; (ii) peripheral blood mononuclear cells from healthy human immunodeficiency virus-seronegative donors express IL-12 p40 mRNA but are unable to secrete appreciable levels of IL-12 bioactive p70 when primed with C. neoformans (13) ; (iii) and IL-12 production by monocytes exposed to C. neoformans is indirectly mediated by the interaction of the receptor-ligand pair CD40-CD40 ligand expressed on monocytes and activated T cells (27) .
The cell envelope of C. neoformans contains capsular polysaccharides, glucuronoxylomannan (GXM), galactoxylomannan, and mannoproteins (MPs) (3, 5, 16) . These components can be isolated from the culture supernatants of the yeast. GXM and MP have separate effects on the immune system (5) . The immunosuppressive properties of GXM have been extensively documented (18, 23, 28, 38, 39) , and MP plays a role as an immunopotentiating antigen involved in the cell-mediated immune response (5, 23, 24, 26 ; L. Pitzurra, G. Teti, and A. Vecchiarelli, Abstr. 97th Gen. Meet. Am. Soc. Microbiol. 1997, p. 279, 1997). In particular, several authors have reported the involvement of purified secreted or cell-associated MP in human lymphoproliferation and induction of tumor necrosis factor alpha (TNF-␣) secretion by monocytes (1, 2, 19) .
In this study, we explored the potential involvement of C. neoformans MPs in IL-12 p40 and bioactive p70 secretion by human monocytes. The results demonstrate that MPs are responsible for rapid IL-12 induction and that both ligand-specific receptor and nonspecific endocytosis by monocytes may be dominant signals.
MATERIALS AND METHODS

C. neoformans.
In this study, C. neoformans acapsular strain NIH B-4131 was used. The morphological characteristics and growth conditions of the C. neoformans isolate have been described elsewhere (27) . Cultures were maintained by serial passage on Sabouraud agar (Bio Merieux, Lyon, France) and harvested by suspending a single colony in RPMI 1640. The cells were washed twice, counted on a hematocytometer, and adjusted to the desired concentration. C. neoformans cells were killed by autoclaving.
Reagents. Mannan from Saccharomyces cerevisiae, cytochalasin B from Helminthosporium dematioideum, and polymyxin B and lipopolysaccharide (LPS) from Escherichia coli O55:135 were obtained from Sigma (St. Louis, Mo.). Human recombinant IL-12 was from Genetics Institute (Cambridge, Mass.).
Purification of cryptococcal MPs. C. neoformans-secreted MP1 and MP2 were purified as described previously (1, 2, 4, 15, 24, 34) . Briefly, secreted MPs were purified from culture supernatants of C. neoformans NIH B-4131. Purification was performed by a combination of ultrafiltration affinity chromatography (concanavalin A), anion-exchange chromatography (DEAE), and gel permeation chromatography. Anion-exchange chromatography of the MPs yielded two fractions, MP1 (35.6 kDa) and MP2 (8.2 kDa) (2). MP1 and MP2 contained 7 and 13% protein and 79 and 43% neutral sugars, respectively. Cell-associated MP105 was purified as described elsewhere (26) . MPs did not contain endotoxin, since no 2-keto-3-deoxyoctulosonic acid, determined by the thiobarbituric acid method of Weissbach and Hurwitz (40) and by the semicarbazide method of MacGee and Douoroff (20) , could be detected in the sample. Furthermore, no differences in IL-12 induction were observed in the absence or presence of polymyxin B on titration of the fractions (data not shown). Contamination of MPs with cryptococcal capsular polysaccharide (GXM) was excluded by monosaccharide composition analysis and the latex agglutination test, which is specific for GXM. MPs and other reagents, tested for endotoxin contamination by the Limulus amebocyte lysate assay (Sigma), were below the detection limit of the assay, which had a sensitivity of approximately of 0.05 to 0.1 ng of E. coli LPS/ml.
MAbs.
Two anti-IL-12 monoclonal antibodies (MAbs), C11.79 (anti-IL-12 p40/p70) and C11.5.14 (anti-IL-12 p70), were used in this study. MAbs were purified from hybridomas (kindly provided by G. Trinchieri) as previously described (7) . Mouse immunoglobulin G1 kappa (unrelated MAb) was purchased from Sigma.
Isolation of PBM and T(E ؉ ) cells. Heparinized venous blood from healthy donors was diluted in RPMI 1640 (Gibco BRL, Life Technologies, San Giuliano Milanese, Italy), and the mononuclear cells were separated by density gradient centrifugation on Ficoll-Hypaque (27) . The mononuclear cells were washed twice in RPMI 1640 plus 5% heat-inactivated fetal calf serum (cRPMI) and incubated for 1 h at a concentration of 2 ϫ 10 6 to 3 ϫ 10 6 /ml in 100-mm-diameter polystyrene tissue culture plates (Corning Glass Works, Corning, N.Y.). After 1 h at 37°C in 5% CO 2 , nonadherent cells were removed by washing four times and E rosetted as previously described (28) . The cells recovered [T(E ϩ ) cells] were Ͼ98% CD3 ϩ , as evaluated by flow cytometry analysis. The remaining adherent cells were refrigerated for 15 min in Ca ϩ -Mg 2ϩ -free phosphate-buffered saline and collected by scraping with a rubber policeman (Costar, Cambridge, Mass.). The adherent cells were washed twice with cRPMI and resuspended in RPMI supplemented with 2 mM L-glutamine, penicillin-streptomycin (100 IU/ml and 100 g/ml, respectively), and 10% normal human serum (NHS; Sigma) (NHS-RPMI). The adherent cells were Ͼ98% viable as evaluated by trypan blue dye exclusion, and at least 95% were peripheral blood monocytes (PBM) as determined by Wright-Giemsa staining (Diff-Quik stain; Baxter Scientific Products, McGaw Park, Ill.). Each experiment was performed with monocytes or T cells isolated from a single donor.
PBM stimulation. Isolated PBM were distributed in 2-ml volumes of NHS-RPMI into 24-well flat-bottom tissue culture plates (Falcon, Becton Dickinson, Oxnard, Calif.) at 2.5 ϫ 10 6 cells per ml and incubated for different times at 37°C under a 5% CO 2 atmosphere in the absence or presence of heat-inactivated C. neoformans (at an effector-to-target [E:T] ratio of 1:1) or decreasing doses, from 25 to 0.25 g of MP (MP1, MP2, or MP105) per ml. At different time intervals, fluid supernatants were harvested for IL-12 determination. In selected experiments, IL-12 p40 mRNA expression in unstimulated or stimulated PBM was determined by reverse transcriptase (RT)-mediated PCR (RT-PCR), and IL-12 p70 secretion was determined by capture assay with purified MAb C11.5.14 as described below.
Coculture of PBM and T lymphocytes. Monolayers of PBM (2 ϫ 10 4 ) adhered in 96-well flat-bottom plates were incubated with or without heat-inactivated C. neoformans (2 ϫ 10 4 ) or 25 g of MP1, MP2, or MP105 per ml. Incubation was performed in NHS-RPMI at 37°C in a 5% CO 2 atmosphere. After 6 h of incubation, PBM monolayers were washed to remove stimuli, and then autologous T(E ϩ ) cells (10 5 ) in NHS-RPMI were added. At different times, IL-12 and IFN-␥ content of fluid supernatants and T-cell lymphoproliferation were determined as described below. In selected experiments, cells were cultured in the absence or presence of various doses (from 1 to 0.1 g/ml) of anti-IL-12 MAb C11.79 or unrelated MAb.
Cytokine determination. Cytokine levels in culture supernatants were measured by enzyme-linked immunosorbent assay (ELISA) based on the antibody sandwich principle for human IFN-␥ and IL-12 (Biosource International). The IL-12 kit is a solid-phase ELISA based on the antibody sandwich principle; its sensitivity is Ͻ0.8 pg/ml. The substances tested were human IL-1␤, IL-2, IL-3, IL-4, IL-5, IL-7, IL-8, IFN-␥, granulocyte-macrophage colony-stimulated factor, LIF stem cell factor, TNF-␣, IL-10, IL-13, and IL-15; cross-reactivity was not present. The assay recognizes both natural and recombinant human IL-12, as well as the free p40 subunit. Selected samples (Fig. 2) were tested for human IL-12 p70 heterodimer by capture bioassay as previously described (7). Briefly, supernatants (100 l) from unstimulated or 6-h-stimulated PBM were dispensed in 96-well flat-bottom plates coated with sterile purified antibody C11.5.14 (20 g/ml) diluted in 0.1 M sodium carbonate-bicarbonate buffer (pH 9.5). After 5 h at room temperature, plates were washed four times with phosphate-buffered saline. Then experimental wells were filled with 100 l of phytohemagglutinin (PHA) blast cell suspension (5 ϫ 10 6 /ml) in cRPMI with 50 U of IL-2 per ml. PHA blast cells were from 6-day peripheral blood cell cultures (10 6 cells/ml) containing 1% PHA (Sigma). These preparations were composed of Ͼ98% T cells, as determined by immunofluorescence with MAb to CD3. After 48 h of incubation, IFN-␥ production was evaluated as secreted cytokine in cell-free supernatants. Each supernatant was tested in triplicate in parallel with serial dilutions of recombinant IL-12 (from 3 ng to 0.3 ng/ml), using medium as the background. Results are the means for two donors calculated against a standard curve obtained with serial dilutions of recombinant human IL-12 (kindly provided by Genetics Institute).
Lymphocyte proliferation assays. T(E ϩ ) cell proliferation was measured by [ 3 H]thymidine (0.5 g/ml; Amersham International, Aylesbury, United Kingdom) incorporation after 3 and 7 days of coculture. Cells were collected onto filter paper by using a cell harvester (Flow Labs, McLean, Va.), and the dried filters were counted directly in a ␤ counter (Packard Instruments Inc., Downers Grove, Ill.). Proliferation was expressed as the mean of indicated replicates Ϯ standard error (SE).
RNA extraction and RT-PCR. Total RNA was isolated from PBM by established procedures (22) . RNA integrity was assessed by denaturing gel electrophoresis. Only samples with intact 28S and 18S rRNA were used for the RT reaction. For each experiment, equivalent amounts of intact RNA (5 g) were reverse transcribed as described elsewhere (22) . Equivalent amounts of cDNA in 5-l aliquots were amplified by PCR (Perkin-Elmer Cetus DNA thermal cycler) in a reaction mixture containing PCR buffer (Pharmacia), MgCl 2 (2 mM), deoxynucleoside triphosphates (1.25 mM), specific primers (0.4 mM), and 1 U of Taq polymerase (Pharmacia). All samples were denatured at 96°C for 2 min and cycled with the following log-linear parameters for 32 cycles of denaturation (94°C for 45 s), annealing (60°C for 45 s), and extension (72°C for 90 s). Positive cDNA controls and negative controls (RT-diethylpyrocarbonate-treated H 2 O) were included. Ten microliters of the PCR amplification products was separated in ethidium bromide-stained 1.5% agarose gel and visualized by UV transillumination. Aliquots of 0.05 g of X174 DNA HaeIII fragments (New England BioLabs, Beverley, Mass.) were run in parallel as molecular size markers. The amplified bands showed predicted sizes. Primers were DNA specific and nonreactive with RNA. The primer sequences were as follows: for glyceraldehyde-3-phosphate dehydrogenase (358 bp), 5Ј TTCTTCAACCCCGAGGAGT 3Ј (sense) and 5Ј GGGAAGGAGGGTGGCCGTG 3Ј (antisense) (17); for IL-12 p40 (373 bp), 5Ј GGACCAGAGCAGTGAGGTCTT 3Ј (sense) and 5Ј CTCCT TGTTCCCCTCTGA 3Ј (antisense) (33) .
Cell viability assay. Cell viability was measured with a colorimetric reaction based on the capacity of mitochondrial dehydrogenase of living cells to reduce 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; Aldrich Chemical Co., Milan, Italy) to formazan. The quantity of formazan produced and measured at an optical density of 540 nm in a Sorin Bomedica microplate reader correlated with the number of living cells (25) .
Statistical analysis. Statistical significance was calculated by Student's paired t test.
RESULTS
To evaluate the involvement of secreted or cell-associated C. neoformans MPs in IL-12 secretion by PBM, kinetic experiments were performed with cells from healthy donors. In our experimental conditions, PBM exposed to C. neoformans yeast cells produced appreciable levels of IL-12 after 48 h (Fig. 1A) . Differences in kinetics and the amount of MP-induced IL-12 secretion relative to C. neoformans-induced secretion were observed. All MPs induced IL-12 after 6 h of stimulation, MP2 being the best stimulator. In contrast, no IL-12 production was observed for C. neoformans whole cells. Early induction of IL-12 was consistent with the analysis of IL-12 p40 mRNA showing that MP1, MP2, and MP105 induced IL-12 gene expression after 6 h of stimulation (Fig. 1B) . Time course experiments to determine IL-12 p70 showed that MPs induced biologically active IL-12 levels similar to those reported in Fig. 1 .
To evaluate whether MPs stimulate bioactive IL-12 p70 secretion by PBM, a capture bioassay using purified anti-IL-12 MAb was performed. The results showed that supernatants from 6-h MP-stimulated PBM induced IL-12 p70 secretion, whereas unstimulated or C. neoformans stimulated cells did not (Fig. 2) . The effect was dose dependent and was maximum in supernatant fluids of MP2-treated PBM (Fig. 2) .
Previous studies indicated the involvement of monocyte mannose receptors or serum mannose binding proteins (MBP) in MP-mediated immunopotentiation, such as cytokine (i.e., TNF-␣) secretion or lymphoproliferation (2) . Furthermore, internalization of particulate antigen has been proposed as a potent stimulus for monocyte IL-12 expression and secretion (11) . To evaluate the potential involvement of MBP, specific receptors, and the endocytic pathway in MP-induced IL-12 secretion, experiments were performed (i) in the absence of NHS to exclude MBP involvement, (ii) in the presence of mannose to block or reduce the potential ligation of MPs to specific receptors, or (iii) in the presence of cytochalasin B, which inhibits microtubule polymerization and blocks MP internalization. The results showed that the omission of NHS from cell culture as well as pretreatment of PBM with mannan or cytochalasin B significantly reduced MP-induced IL-12 secretion (Table 1 ). In particular, mannan and cytochalasin B reduced the IL-12 response by 35 and 39%, respectively. To exclude possible nonspecific cytotoxicity, preliminary experiments were performed to determine the dose of cytochalasin B
VOL. 68, 2000 C. NEOFORMANS MP-INDUCED IL-12 PRODUCTION 559
that did not affect cell viability by the MTT reduction test, and subsequently a dose of 5.0 g/ml was used. It is well known that IL-12 directly regulates IFN-␥ production (14, 31, 33) , raising the possibility that early secretion of IL-12 could promote early induction of IFN-␥. For this purpose, IL-12 and IFN-␥ production were determined at days 1, 3, and 7 in cocultures of monocytes treated with MP plus autologous T cells. The results reported in Fig. 3A show that MPs induce high levels of IL-12, reaching a maximum after 7 days of incubation. It should be noted that MPs, in contrast to C. neoformans whole cells, were able to induce early production of IFN-␥ (Fig. 3B) . MP2 was a better stimulator of IFN-␥ than MP1 or MP105. The kinetics and amount of MP2-induced IFN-␥ secretion were similar to those observed in assays using recombinant IL-12 (0.3 ng/ml) as the stimulus (Fig. 3B) , raising the possibility that in our experimental system early IL-12 induction involves IFN-␥ production. Further evidence that IFN-␥ was produced in an IL-12-dependent manner was provided by assessment of IL-12 and IFN-␥ production by the same supernatant fluids from MP-stimulated PBM after 6 h of incubation. The results showed that a significant amount of IL-12 was produced while only negligible levels of IFN-␥ were observed (data not shown). In addition, blocking experiments were performed with a MAb to IL-12, C11.79, that specifically recognizes both IL-12 p40 and p70 (7), thus showing that neutralization of MP-induced endogenous IL-12 drastically reduced early secretion of IFN-␥ (Fig. 4A ). This inhibitory effect was most pronounced (50% reduction) in the presence of 0.1 g of MAb to IL-12 per ml (Fig. 4B) . The specificity of MAb to IL-12 inhibitory activity was confirmed by the inability of an unrelated MAb to affect IFN-␥ secretion. In addition, the MAb to IL-12 inhibited IFN-␥ secretion in C. neoformans-stimulated cells at 7 days of incubation (Fig. 4) .
Having established that MP-induced IL-12 promotes early secretion of IFN-␥, we examined the possibility that endogenous IL-12 could affect C. neoformans or MP-induced lymphoproliferation. To this end, MAb to IL-12 was incorporated in the mixture of MPs or C. neoformans-treated PBM and T cells. The results reported in Table 2 show that the MAb to IL-12 did not modify the T-cell proliferative response. Furthermore, the use of increasing concentrations of MAb to IL-12 (from 0.01 to 1 g/ml) did not modify the results (data not shown). f a PBM were exposed to MP2 (25 g/ml) in the presence of 10% NHS. b PBM were exposed to MP2 (25 g/ml) in the absence of NHS. c PBM were treated with mannan (125 g/ml) and then with MP2 (25 g/ml) in the presence of 10% NHS.
d PBM were treated with cytochalasin B (5.0 g/ml) and then with MP2 (25 g/ml) in the presence of 10% NHS.
e Mean Ϯ SE of three separate experiments. *, P Ͻ 0.01 (treated versus untreated PBM).
f PBM cultured in the presence or absence of 10% NHS stimulated with LPS (1 g/ml) produced similar levels of IL-12 (70 Ϯ 10 pg/ml).
DISCUSSION
The data from this study show that C. neoformans MPs are involved in early induction of both IL-12 p40 subunit and p70 heterodimer secretion by human monocytes. While IL-12 was produced by monocytes in response to C. neoformans whole cells and MP stimulation, profound differences were observed in both the magnitude and timing of the IL-12 response. MPs are early and strong inducers of IL-12 compared to C. neoformans whole cells. MP-induced IL-12 is mediated by signals involving MP ligation, possibly through mannan MP recognition by monocyte receptors or by serum factors, and the nonspecific endocytic pathway. Early secretion of MP-induced IL-12 strongly influences the early production of IFN-␥ by T cells but is unable to affect MP-induced T-cell proliferation.
Monocytes and macrophages play a critical role in the protective cellular immune response to C. neoformans (37, 39) . Furthermore, they are possible major physiological producers of IL-12, as suggested by in vivo and in vitro studies in various infectious disease models (32) . Studies of experimental murine models emphasize the pivotal role of IL-12 in the induction of protective responses against C. neoformans (8, 42) . Recently we reported that IL-12 produced by human monocytes responding to C. neoformans whole cells is secreted late, predominantly in a T-cell-dependent mechanism (27) . In addition, an immunosuppressive role for C. neoformans in IL-12 production has been reported (17) . Here we identify MP antigens of the cryptococcal envelope responsible for early and massive induction bioactive IL-12 by human monocytes.
MPs from C. neoformans are responsible for T-cell proliferation and are strong inducers of proinflammatory cytokines such as IL-1␤ (Pitzurra et al., Abstr. 97th Gen. Meet. Am. Soc. Microbiol. 1997) and TNF-␣ (1, 2). A relationship between TNF-␣ production and IL-12 has been observed in murine macrophages stimulated with bacillus Calmette-Guérin (10). Consequently, the early and massive induction of IL-12 observed by us could be related to the ability of MPs to favor TNF-␣ secretion by human monocytes.
Monocytes alone are poor producers of IL-12 when stimulated with encapsulated C. neoformans, but an appreciable increase of IL-12 secretion was observed when an acapsular mutant was used (27) . Our present observation that MPs induce an early and high release of IL-12 suggests that MPs of the acapsular cryptococcal envelope could be responsible, at least in part, for the significant production of IL-12 by mono- cytes. This is consistent with the increase of MP fractions recovered from acapsular C. neoformans with respect to encapsulated strains (26, 35) . It is likely that MP antigen can be masked by capsular material in the encapsulated strains, or MP may compete with GXM to bind to the same receptors on monocytes since GXM binding to phagocytic cells has been observed (9) . Importantly, the early presence of endogenous IL-12 appears to be a promoter of early and consistent production of IFN-␥ by T cells. In contrast to C. neoformans whole cells, which primarily induce IL-12 in a T-cell-dependent mechanism, MPs induce IL-12 by monocytes through direct interaction in a T-cell-independent mechanism. While endogenous IL-12 is a strong promoter of IFN-␥, it is unable to affect the magnitude of MP-induced lymphoproliferation. This is consistent with previous observations showing the inability of recombinant IL-12 to influence the proliferative response to C. neoformans (13) .
As described for MP2-induced TNF-␣, MP2-induced IL-12 is moderately reduced by pretreatment of monocytes with mannan. A possible explanation is that the same signal transduction promotes the synthesis of TNF-␣ and IL-12. Alternatively, the synthesis and secretion of the two cytokines could be mutually regulated in an autocrine manner. In addition, we demonstrate that, other than MP ligation on monocyte receptors, the endocytic pathway that allows MP internalization plays an important role in MP2-induced IL-12 induction. However, we cannot exclude the possibility that cytochalasin B influences the adherence of MP to monocytes. In addition, mannan and cytochalasin B never completely blocked IL-12 production; thus, the stimulation of IL-12 through alternative mechanisms or the use of an insufficient amount of these substances can be considered.
Previous results by Harrison and Levitz (13) showed that in spite of the undetectable levels of IL-12, IL-12 p40 mRNA message was detected in monocytes responding to C. neoformans after 6 h of stimulation. The ability of MP to induce IL-12 p40 mRNA within 6 h of stimulation correlated with IL-12 secretion.
Overall our results show that MPs are cryptococcal envelope antigens responsible for early production of IL-12 by phagocytic cells. Secretion requires two steps, the first likely involving the mannan part of MPs, which can be recognized by monocyte receptors or serum factors, and the second requiring MP2 internalization via the endocytic pathway.
Early and significant IL-12 production in response to MPs suggests that purified MP antigen favors the development of a prompt and strong protective Th1 cellular response. Consequently, MPs that positively influence the cellular immune response to C. neoformans could be useful for developing a rational strategy to prevent cryptococcosis.
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